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© An apparatus for estimating an unburned component amount in ash in a coal-fired furnace. 
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© This invention relates to an in-ash unburned component estimating device for a coal-fired furnace which 
monitors the density of in-ash unburned component contained in burning waste gases to operate the furnace 
efficiently. The object of the invention is to infer and estimate from the current situation by a simple means the 
density of in-ash unburned component in the burning exhaust gases that affects the combustion efficiency. A 
furnace temperature, a load band in the furnace, a furnace contamination coefficient, a ratio of two-stage 
combustion air supplied to the furnace, and a coal mixture ratio are taken in as fuzzy quantities to infer fuel ratio 
data and correction data used to correct predetermined reference values of reference in-furnace temperature 
distribution, reference in-furnace air ratio distribution and reference powdered coal grain diameter distribution. 
The reference values corrected by the correction data and coal reaction rate data determined from the fuel ratio 
data are used to calculate the density of in-ash unburned components in the burning waste gases. 
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BACKGROUND OF THE INVENTION 



Field of the Invent!? 



The present invention relates to an apparatus for estimating the amount of unburned components in ash 
in a coal-fired combustion furnace, which monitors the density of in-ash unburned components contained in 
the burning waste gases to operate the eembustion furnace efficiently. 



Description of the Prior Art 

70 

In recent years, with coal having gained its position as a viable alternative energy to oil, a powdered 
coal burning technology for generator boilers is attracting attention. The technology itself is already an 
established one, in which the coal is pulverized by a pulverizing mill and the powdered coal, which is 
separated from coarse grains of coal by a fine/coarse grain separator, is injected in the form of a gas from a 

/5 burner into a furnace for combustion. 

Figure 4 shows a schematic configuration of a generator boiler using the powdered coal combustion 
system. In the figure, the coal deposited in a charging mechanism 70 is fed to the pulverizing mill 77 where 
it is pulverized by rollers 12 to small grains which are separated by a fine/coarse grain separator 13 into 
coarse grains and fine grains of coal. Two types of fine/coarse grain separator are available: one is a vane 

20 type that separates fine grains from coarse grains by changing the angle of vanes and the other is a rotary 
type that utilizes centrifugal force in separating the fine from the coarse grains of coal. 

The powdered fine grains of coal extracted by the fine/coarse separator 13 are fed together with 
primary air to a burner 75 of the furnace 14. The primary air serves two purposes— drying the powdered 
coal to make it easier to burn and carrying the powdered coal to the burner. The primary air accounts for 

25 10-30 percent of the amount of air required for combustion. The remainder of the air is supplied as 
secondary air from around the nozzle of the burner 75. Tertiary air may be supplied to ensure stable 
ignition or adjust the shape of flame. From an appropriate position in the furnace 14 remote from the burner 
75, air for a second-stage combustion (in a two-stage combustion method) is supplied in a direction of 
propagation of burning gas. 

30 These kinds of air are supplied from a delivery air blower 76 through an air preheater 77, with the 
amount of second-stage combustion air adjusted by a second-stage air damper 78. 

Heat generated by the furnace 14 is transmitted to water in an evaporator tube 79 by radiation or 
through contact with gases, evaporating the water. The burning gas is passed through the air preheater 77 
where the heat of the burning gas is collected, and then discharged by a suction air blower 20 from a stack 

35 21. 

In operation of boiler, it is necessary to minimize the amount of noxious emissions from the burning 
gases such as nitrogen oxides NO x and sulfur oxides SO x within an allowable range while at the same time 
reducing the amount of in-ash unburned components (H2, Cm, etc.) that affect the combustion efficiency. 
Especially with those boilers using coal as a fuel, the rate of combustion is far slower than those of oil and 

40 gas and therefore reduces the temperature of the furnace, which in turn increases the amount of unburned 
substances (H 2 , ChU, etc.) in the ash. The temperature in the combustion furnace is also reduced by the 
two-stage combustion method, a method intended to reduce the NO x emissions. 

The amount of unburned substances remaining in ash varies greatly depending on the size of coal 
grains burned by the burner 75. The finer the grain size, the greater the surface area will become through 

45 which the coal contacts the air for combustion and the smaller the amount of unburned components that 
remain in the ash. During boiler operation, it is therefore necessary to monitor the density of in-ash 
unburned components in the burning waste gases. When there is an increase in the unburned component 
density in the ash, the fine/coarse grain separator 73 is controlled to extract finer grains of coal to increase 
the combustion efficiency. 

50 Since the powdered coal combustion is affected by various factors such as fuel ratio, ash components 
in coal, and grain size distribution, it is very difficult to estimate the in-ash unburned components during the 
process of combustion. In an effort to make it less difficult to estimate the in-ash unburned components, a 
technique has been proposed (for example, Japanese Patent Preliminary Publication No. Heisei 2-208412) 
that provides to the wall of the combustion furnace an inspection window through which the burning flames 

55 of the burner are photographed by a camera. Based on the flame images thus obtained, flame temperatures 
are estimated, and from such data as the flame temperature, the amount of coal supplied, the amount of air 
supplied and the preheating air temperature, a combustion rate is determined. Using the combustion rate 
and the amount of ash in the coal, this technique estimates the density of the in-ash unburned components. 
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However, since, with this conventional technique, an analog video signal from the camera, which is 
installed on the wait fl^e combustion furnace, is converted into a video signal and digital images of 
flames are processe^o calculate the flame temperature, the appai^us becomes complex. Calculation of 
the amount of the in-ash unburned components at the outlet of the combustion furnace requires data on 
5 temperature distribution and air ratio distribution in the course of combustion, in addition to the flame 
temperature. It is, however, difficult to measure the overall temperature distribution and air ratio distribution 
in the entire real combustion furnace. 

SUMMARY OF THE INVENTION 

10 

An object of the invention is to provide an in-ash unburned component estimating apparatus for a coal- 
fired combustion furnace that can determine by a simple means from the current combustion status the 
density of the in-ash unburned components in burning waste gases that affects the combustion efficiency. 
In a powdered coal-fired combustion furnace, an apparatus of this invention is characterized in 

75 performing the steps of: taking in as fuzzy quantities an in-furnace temperature, a load band in the furnace, 
a furnace contamination coefficient, a ratio of two-stage combustion air supplied to the furnace, and a coal 
mixture ratio; inferring fuel ratio data and correction data used to correct predetermined reference values of 
reference in-furnace temperature distribution, reference in-furnace air ratio distribution and reference 
powdered coal grain size distribution; and based on the reference values corrected by the correction data 

20 and on coal reaction rate data determined from the fuel ratio data, calculating the density of in-ash 
unburned components in burning waste gases. 

The in-ash unburned component estimating apparatus according to this invention treats as fuzzy 
quantities such data as a temperature in the combustion furnace, a load band in the combustion furnace, a 
furnace contamination coefficient, a ratio of two-stage combustion air supplied to the furnace and a mixture 

25 ratio of coals supplied to the furnace, qualitatively evaluates these fuzzy quantities with corresponding 
membership functions, searches through a group of fuzzy rules that predefine the outputs for specific 
situations to pick up a rule that matches the evaluated value, and then forms a fuzzy inference according to 
that rule to infer correction data for making adjustment on reference values of a reference in-furnace 
temperature distribution, a reference in-furnace air ratio distribution and a reference powdered coal grain 

30 diameter distribution and also infer fuel ratio data. 

According to the correction data thus inferred, the reference values of the theoretically or empirically 
predetermined reference values of reference in-furnace temperature distribution, reference in-furnace air 
ratio distribution, and reference powdered coal grain distribution are corrected. From the fuel ratio data 
inferred, coal reaction rate data is determined. Then, based on the corrected reference values and the 

35 reaction rate data, the in-ash unburned component density is calculated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of one embodiment of this invention; 
40 Figure 2 is a block diagram of a fuzzy inference unit; 

Figures 3a, 3b and 3c are diagrams showing the process of inference as performed by the fuzzy 
inference unit; and 

Figure 4 is a schematic showing the outline configuration of a generator boiler. 

45 DETAILED DESCRIPTION OF PREFERRED EMBODIMENT 

Figure 1 is a block diagram showing one embodiment of an in-ash unburned component estimating 
apparatus for a coal-fired combustion furnace according to this invention. 

The apparatus consists of: a fuzzy inference unit 1 that takes in such data as a combustion furnace 

so temperature 7M, a load signal QS, a furnace contamination coefficient fB, a two-stage combustion air ratio 
7S and a coal mixture ratio MC and which infers correction values for an in-furnace temperature 7, an in- 
furnace air ratio (ratio of ideal air amount and actual air amount) X and a powdered coal grain diameter D P , 
and also a coal fuel quality ratio (between volatile component and solid carbon component) FR; a reference 
unit that has reference distribution models which have been theoretically or empirically determined, such as 

55 a distribution of in-furnace temperature 7, a distribution of in-furnace air ratio X, a distribution of coal grain 
size Dp, and a distribution of reaction rate 0 according, to the coal quality; a correction unit 3 that corrects 
the reference values of the in-furnace temperature 7, in-furnace air ratio X, and powdered coal grain 
diameter D p obtained from the reference unit 2 according to the corresponding correction values obtained 



4 



from the fuzzy infe^ce unit 7; and a calculation unit 4 that calc^tes the in-ash unburned component 
density C from the^pties 7, X, D p corrected by the correction ur^P and from the reaction rate 0 output 
from the reference unit 2. 

As shown in Figure 2, the fuzzy inference unit 7 comprises an evaluation section 7a, a rule section 1b, 

5 and an inference section 1c. The evaluation section 1a takes in as fuzzy quantities such data as the in- 
furnace temperature data TM measured by a temperature sensor installed in the combustion furnace 14, the 
two-stage combustion air ratio data TS obtained from the control amount of the two-stage combustion air 
damper 78, and the mixture ratio MO of coals supplied to the mill 11 and then qualitatively evaluates these 
data with corresponding membership functions. The rule section 1b contains a number of rules that have 

w been set up based on an abundant accumulated database and which define the outputs under specific 
situations. The rules are described in the form of a statement consisting of an IF portion (a leading part of 
the statement) and a THEN portion (a concluding part of the statement). The inference section 7c searches 
through the rule section 1b for a rule that matches the value evaluated by the evaluation section 7a and 
infers a correction value V for the reference in-furnace temperature distribution 7, a correction value X' for 

;s the reference in-furnace air ratio distribution X and a correction value D p , for the reference grain size 
distribution D p and also the fuel ratio FR. 

Suppose the in-furnace temperature data TM is ml and that there are three rules concerning the in- 
furnace temperature: "if T/W = sm then 7' = sm" (rule 1) "if TM = md then r = md" (rule 2) and "if TM = bg 
then r = bg" (rule 3). From the membership functions concerning the in-furnace temperature in the 

20 evaluation section 7a, the extent (the degree of fuzziness) f1, f2 to which the rules are satisfied can be 
determined. 

The inference section 7c uses a "max-min logical product" reasoning method and takes a logical 
product between a membership function with a flat fuzziness degree f1 for the rule 7 and a membership 
function of the concluding part of the statement 'T = sm." Likewise, a logical product is taken of a 

25 membership function with a flat fuzziness degree f2 for the rule 2 and a membership function of the 
concluding part of the statement n r = md." This is detailed in Figures 3a, 3b and 3c. The membership 
functions of each concluding part of the statements are truncated to determine sm' (Figure 3a) and md' 
(Figure 3b). Then a logical summation is taken of sm' and md* and the center of gravity of the combined 
figure is determined (Figure 3c) according to a center-of-gravity method. Now the value q1 of the gravity 

30 center in the combined set represents the final output V (correction value for the in-furnace temperature 7"). 
The similar process is repeated to determine other outputs X', Dp 1 , FR. In the figure, the fuzzy labels "sm," 
"md," and "bg" stand for "small correction," "middle correction," and "big correction." 

The reference unit 2 has a reference temperature distribution table 2a representing the distribution of 
in-furnace temperature T over the length DL of the furnace, a reference air ratio distribution table 2b 

35 representing the distribution of in-furnace air ratio X over the furnace length DL, a reference grain size 
distribution table 2c representing the distribution of coal grain size D p , and a reference reaction rate 
distribution table 2d representing the distribution of coal reaction rate 0 with respect to the fuel ratio FR that 
was inferred by the fuzzy inference unit 7. The data stored in these tables are predetermined theoretically 
or empirically. The furnace length DL is given by the calculation control section 4e. 

40 The correction unit 3 corrects the reference data such as in-furnace temperature T, in-furnace air ratio X 
and grain size D p output from the tables 2a, 2d, 2c in the reference unit 2 according to the corresponding 
correction values T' t X\ Dp 7 inferred by the fuzzy inference unit 7 and feeds the corrected data to the 
calculation unit 4. This configuration allows the rules to be expressed in an "if-then" form of statement 
which permits easy adjustment of correction utilizing the features of fuzzy reasoning. This configuration also 

45 enables the fuzziness of measured signals to be incorporated in the expression of rules. As to the in-furnace 
temperature, the correction calculation uses a rule in the form of addition and subtraction, considering 
deviations from the temperature distribution load band and from the contamination coefficient. As for the in- 
furnace air ratio and grain distributions, the correction calculation uses a rule in the form of multiplication. 
The calculation unit 4 consists of: a controlled diffusion speed calculation section 4a that calculates 

so from the data supplied from the reference unit 2 and the correction unit 3 the diffusion speed of oxygen K MT 
when the diffusion is controlled (chemical reaction rate is infinitely large); a controlled reaction rate 
calculation section 4b that calculates the surface reaction rate K C h when the surface reaction is controlled 
(diffusion speed is infinitely large); an uncombustion rate calculation section 4c that calculates the 
uncombustion rate u for the powdered coal; an in-ash unburned component amount calculation section 4d 

55 that calculates the density of in-ash unburned components C from the uncombustion rate u; and a 
calculation control section 4e that controls these calculations. 

Generally, the combustion process of the powdered coal blown into the furnace consists of two stages: 
a first stage is for burning the gases of volatile components of coal and a second stage is for burning the 
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surfaces of remaining grains of coal (char). The most of the combj^tion time is spent burning the char. 
The overall burning s^^j of the char depends on the diffusion spe^nf oxygen over the grain surfaces 
and on the chemical reaction rate of the grain surfaces. The former is related with the mixture ratio of fuel 
and air, while the latter is related not only with the chemical property of the fuel but also with the physical 
5 properties such as grain size of powdered coal and its motion. 

The overall combustion speed of char dm/dt is, according to studies by Katakura and et al., given by 

dm/dt = -*D p 2 x1/(1/K M t + 1/Kch) (1) 

10 where m represents the mass of particles, O p represents the diameter of particles, K MT represents the 
diffusion speed of oxygen, and K C h represents the surface reaction rate. 

The diffusion speed Kmt is calculated by the controlled diffusion speed calculation section 4a while the 
surface reaction rate K C h is calculated by the controlled reaction rate calculation section 4b. The diffusion 
speed Kmt is given by 

75 

- - if < t/t °>°- 7 * ltt <1 ' rf " > < 2 > 

20 

where D is a diffusion coefficient of oxygen; p is a gas density, D p is a grain size; T is an in-furnace 
temperature; 7 is a value determined by the diffusion coefficient and a quantum coefficient of combustion 
reaction; and f m is a mass fraction. The subscript "0" represents a standard status. 
The reaction rate K C h is expressed as 

25 

Kch = Kch' x 0 = Kch^I+^/FR) 1 ^}^ (3) 

where j9 is the reaction rate ratio described earlier and FR is the fuel ratio. K C h represents the average 
surface reaction rate for a wide range of coals and differs from one coal quality to another. So K C h is 
30 corrected by the reaction rate ratio £, which is determined by the fuel ratio FR representing the quality of 
coal. The average reaction rate K C h is expressed as 

K CB ' = 8710 exp (-17980/T) * P Q (T < 1500K) 
35 = (3.85 *10~ 4 T - 0.525) * P Q (T > 1500K) (4) 

where Po is a partial pressure of oxygen (atm). 
40 There is a relationship between the oxygen partial pressure Po and the reference air ratio distribution X 
as follows. 

Po/Pfota/ = VotlV total = 0 2 % 

45 where P to *a/ is a total pressure (atm), V 02 is a volume of oxygen, V to tai is a total volume, and 02% is an 
oxygen density. 

From X - 21/(2U0 2 %h we get 

Po ~ Ptotai x 27fX-fJA 

50 

Next, based on these diffusion speed K m and the reaction rate K CH , the uncombustion rate calculation 
section 4c calculates the uncombustion rate u. A reduction in the mass as a result of combustion is 
determined by integrating the char's overall combustion rate (equation (1)) over the combustion time. 
Hence, the uncombustion rate u for the unit mass of carbon component after the combustion time S is 
55 determined from the following formula. 
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= / S nD p 2 *l/ (1/K m +1/K cs )dt (5) 



Assuming the ash ratio of the raw coal to be A, the amount of unburned components for unit mass of 
w carbon is u(1-A). Therefore, the density of in-ash unburned components C is expressed as 



C = U(1 A> x 100 [%] (6) 

A+u(l-A) 



The ash ratio A is the weight percentage of ash component with respect to the total weight of the coal, 
which is made up of four components— solid carbon, volatile substance, water and ash. 

According to the in-ash unburned component density C thus obtained, the vane opening or revolution 
20 speed of the fine/coarse grain separator 13 is controlled to adjust the grain size of the powdered coal, 
thereby keeping the density of the in-ash unburned component in the burning waste gases within a stable 
range. 

While in the above embodiment the "max-min logical product" method is employed as an inference 
method, other inference method such as "max-min algebraic product" may be used. 
25 With this invention, it is possible to qualitatively determine the density of in-ash unburned component in 
the burning waste gases with high precision by a simple means using a fuzzy inference, ensuring efficient 
operation of the coal-fired furnace. 



Claims 

30 

1. In a powdered coal combustion furnace in which coal is pulverized by a pulverizing mill, only the 
powdered coal whose grain size is smaller than a specified one is extracted by a fine/coarse grain 
separator and the extracted powdered coal is fired in the combustion furnace, an in-ash unburned 
component estimating apparatus for a coal-fired furnace characterized in performing the steps of: 
35 taking in as fuzzy quantities an in-furnace temperature, a load band in the furnace, a furnace 

contamination coefficient, a ratio of two-stage combustion air supplied to the furnace, and a coal 
mixture ratio; 

inferring fuel ratio data and correction data used to correct predetermined reference values of 
reference in-furnace temperature distribution, reference in-furnace air ratio distribution and reference 
40 powdered coal grain size distribution; and 

based on the reference values corrected by the correction data and on coal reaction rate data 
determined from the fuel ratio data, calculating the density of in-ash unburned components in burning 
waste gases. 

45 2. In a powdered coal combustion furnace in which coal is pulverized by a pulverizing mill, only the 
powdered coal whose grain size is smaller than a specified one is extracted by a fine/coarse grain 
separator and the extracted powdered coal is fired in the combustion furnace, an in-ash unburned 
component estimating apparatus for a coal-fired furnace comprising: 

a fuzzy inference unit which takes in as fuzzy quantities an in-furnace temperature, a load band in 
so the furnace, a furnace contamination coefficient, a ratio of two-stage combustion air supplied to the 
furnace, and a coal mixture ratio and infers fuel ratio data and correction data used to correct 
predetermined reference values of reference in-furnace temperature distribution, reference in-furnace 
air ratio distribution and reference powdered coal grain size distribution; 

a reference unit which stores the predetermined reference values of the reference in-furnace 
55 temperature distribution, the reference in-furnace air ratio distribution and the reference powdered coal 
grain size distribution and also stores coal reaction rate data corresponding to the fuel ratio data; 

a correction unit which corrects the reference values output from the reference unit according to 
the correction data output from the fuzzy inference unit; and 
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a calculation^cit which calculates the density of in-ash u^urned components based on the 
reference value^^rected by the correction unit and on th^Paction rate data output from the 
reference unit. 
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